18  Atmospheric cold plasma is effective for inactivation of food microbial challenges.
Introduction
inactivation effects with ROS (Boxhammer, et al., 2012) . However, RNS can be rapidly 67 generated endogenously from the reaction of nitric oxide and superoxide during cell 68 metabolism activities and damage proteins, lipids and DNA (Shigenaga, et al. 1997) .
69
Modified atmosphere packaging (MAP) is widely used in the food industry to avoid 70 contamination and weight loss and extend fresh food shelf-life (Kerry, O'grady, & Hogan, 71 2006; Sivertsvik, Rosnes, & Bergslien, 2002) . Nitrogen is the most widely used gas in MAP, 72 as an inert filler gas either to reduce the proportions of the other gases or to maintain pack 73 shape (Kerry, et al., 2006) . High levels of oxygen (70-80%) have also been used in MAP to 74 reduce microbial growth in package. Additionally, it is helpful in preserving the bright red 75 colour of fresh meat and maintaining the tenderness and juiciness of meat (Lund, Lametsch, 76 Hviid, Jensen, & Skibsted, 2007; Okayama, Muguruma, Murakami, & Yamada, 1995) . The 77 carbon dioxide component is popular in the meat packaging industry for preservation by 78 inhibiting bacterial growth (Sivertsvik, et al., 2002) , and maintaining the red colour of meat 79 products. However, because of the high dissociation energy, inert gas CO 2 has low reactive 80 species generation in conjunction with ACP treatment and it represented a negative control 81 in this study (Fridman, 2008) . Typically, fresh red meat packaging uses 70% O 2 +30% CO 2 82 for MAP (Sørheim, Nissen, & Nesbakken, 1999) and cooked meats are stored in 70% 83 N 2 +30% CO 2 (Smiddy, Papkovsky, & Kerry, 2002) . At the same time, low oxygen/high 84 nitrogen (10% O 2 +90% N 2 ) MAP was used for fruit and vegetables, in order to inhibiting 85 respirations and undesirable colour changes (Day, 2000) . The in-package treatment design 86 employed in this study has proven efficacy for decontamination of tomatoes, strawberries and 87 fresh meat slices (Han, et al., 2016; N. Misra, Patil, et al., 2014; Ziuzina, Patil, Cullen, 88 Keener, & Bourke, 2014), demonstrating potential for adoption for a range other fresh foods 89 where safe shelf-life extension is required to meet emerging sustainability and innovation with process and system parameters and the reactive species generated (Cheng, et al., 2014; 94 Han, et al., 2014) . Besides gas composition, post treatment storage time is a critical parameter 95 influencing ACP inactivation efficacy. During post-treatment storage of samples treated in-96 package, recombined or longer lived species may contribute to further inactivation (Han, et 97 al., 2014; Ziuzina, Patil, Cullen, Keener, & Bourke, 2013) . Moreover, the interaction of 98 microbes with reactive species could be attributed to their structural difference leading to 99 different damaging patterns (Han, et al., 2014; Ziuzina, et al., 2015) . Polyester/BLL/LDPE +anti-fog coating film (thickness 0.06 mm, STEPHENS, Ireland).
131
Besides air (Gas 3), three MAP gas mixtures were used, 70% N 2 + 30% CO 2 (Gas 1), 90% at certain levels (Gomes, Fernandes, & Lima, 2005 
197
Means were compared using analysis of variance (ANOVA) using Fisher's Least Significant
198
Difference-LSD at the 0.05 level. 4.23±0.13 Log 10 CFU ml −1 respectively. However, using Gas 4, populations were 209 undetectable after 300 s treatment ( below the detection limit with the longest treatment time of 300 s plus 24 h post-treatment 223 storage, Gas 1 had 6.10±0.13 Log 10 CFU ml −1 surviving cells. (Table 3) 224
The interactive effects of treatment time, post-treatment storage time and gas composition on be further enhanced with post-treatment storage time (Tables 1-3) . Similarly, longer 228 treatment times and higher oxygen content lead to more ROS generation (Cheng, et al., 2014; 229 Han, et al., 2014) . The underlying mechanism was further observed as the generation of 
3.2.Reactive species generation in gas phase
In-package ozone evolution is shown in Table 4 . For Gas 1, ozone measurements were all 248 discharging, while Gases 1 and 3 had similar intensities during 300 s treatment, which were 249 slightly higher than those from Gas 4. Gas 3 was compressed atmospheric air with high 250 humidity, while Gases 1, 2 and 4 were obtained from dried gas cylinders. Moiseev, et al.
251
(2014) indicated that the humidity inside a package had a quenching effect on ozone 252 generation, resulting in a higher hydroxyl radical density, with a similar effect observed from percentage of nitrogen, Gas 3 had higher emission intensities at 336.65 nm and higher 259 detected RNS densities. N 2 molecules have been reported to be resistant to ionization, with 260 high dissociation energy (Fridman, 2008; Shintani, et al., 2010) . In our study, the ionisation 261 of N 2 was much higher when mixed with O 2 than with CO 2 , while the dissociation energies 262 are similar (Shintani, et al., 2010) . (Han, et al., 2014 (Figures 3 and 4) . The effect of treatment time was observed for singlet oxygen in 300 PBS only, but in both PBS and bacterial samples for hydrogen peroxide.
301
In contrast to total ROS results, H 2 O 2 concentrations in E. coli suspensions were higher than However, it has also been reported that H 2 O 2 can generate hydroxyl radicals through 318 intracellular redox, such as Fenton reaction (Graves, 2012; Kellogg & Fridovich, 1975) and result in more cell damage (Beckman, et al., 1990; Noronha-Dutra, Epperlein, & Woolf, 336 1993). However, the intracellular signal was not achievable with our assay. 
Reactive nitrogen species

338
By comparison with the strong sterilization effect of ROS, the cellular damage with RNS was 339 reported in conjunction with ROS or by inducing oxidative stress (Boxhammer, et al., 2012; 340 Sakudo, et al., 2014 and alkylperoxynitrite (ROONO) (Arjunan, et al., 2015; Graves, 2012) . The main RNS for 
346
The highest RNS fluorescence results ( Figure 5 ) were observed from bacterial samples in Gas 347 2 (p<0.05), which had a higher N 2 percentage (90%) than other applied gases. However,
348
results from PBS samples differed, where those treated in Gas 3 had highest signals (p<0.05), 349 followed by Gas 2 and Gas 1. or irreversible conversion with RNS (Balcerczyk, et al., 2005; Laroussi, et al., 2004) . This 356 could explain the higher detected RNS levels for PBS samples in Gas 3 than Gas 2 ( Figure 5 
378
Whilst similar nitrite/nitrate levels were detected immediately after ACP exposure, much 379 higher concentrations were observed from Gas 2 and 3 samples than Gas 1 after 24 h post-380 treatment storage. This confirmed the enhanced N 2 dissociation and generation of RNS in the 381 presence of oxygen in applied gases, indicating RNS action as a long term reaction (>1 h).
382
RNS are short-lived species, but the half-life can be prolonged by converting to peroxynitrite,
383
reacting widely with biomolecules (Graves, 2012; Sakudo, et al., 2014) . Reactive species in 384 this study were recorded both immediately after ACP treatment and after 1 or 24 h storage
385
( sub-lethal damage (Han, et al., 2014; Mai-Prochnow, Murphy, McLean, Kong, & Ostrikov, 393 2014). The effect of post-treatment storage on ROS and RNS indicated that some reactive Gas 1: 70% N 2 + 30% CO 2 ; Gas 2: 90% N 2 + 10% O 2 ; Gas 3: Air; Gas 4: 70% O 2 + 30% CO 2 . 
